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1.0 1NTRODi)CTION 
This report presents the results of the first phase of the Antenna hraluation 
Study for the Shuttle Multispectral Radar (SMR). 
Phase I were to make preliminary indentification cf those critical parameters 
of the Shuttle Multispectral Radar Antenna (SMRA) which most affect antenna per- 
formance and to write a first draft of specifications for the subarrays 
which will be analyzed in Phases I11 and IV. During +-he course of this 
research it was decided to expand the scope of Phase I to include the develop- 
ment of a preliminary mathematical model eescribing SMRA performance under 
the influence of various physical and environmental factors. 33.:. was 
necessary to identify those key antenna parameters and environmental conditions 
which might degrade SMRA performance. 
I1 for the simulation and study of critical factors which may create or 
influence these error-causing conditions. 
The original goals of 
This has allowed more time in Phase 
1.1 Some Projected User Needs 
A key and as yet not completely answered question is the instrumentation 
requirement of the rather neljulously defined user community. Studies by 
Hughes Aircraft Co. and JPL have suggested L and X-bands as a dual-frequency 
choice best suited to the needs of potential users, yet realizable in terms 
of development. In addition, dual polarization capability has been specified 
along with three incidence angles and various swath widths. 
Space radars with imaging capabilities have a considerable potential appli- 
cability in the followirlg areas: 
1. .Soil moisture determination 
2. Flood area monitoring 
3. Crop discrimination 
4. Crop yield estimates 
5. Plant biomass 
6. Mineral and petroleum exploration 
7. Sea and lake ice mapping 
8. Iceberg monitoring 
1 
2 
These application areas have been discussed in two Active Microwave Workshops 
(Fall, 1974 and Fall, 1976 at NASA/JSC) along with an additional October, 1976 
Shuttle Multispectral Radar Applications Meeting held at NASA/JSC. 
meetings have also pointed out that L and X-bands are not optimum for some 
prime application areas. 
soil moisture measurement and vegetation classification, respectively. At 
the time of this writing, the user groups have not been able to agree on two 
optimum frequencies best suited for the broadest range of application; this 
has imposed additional delays on detailed specification of optimum incidence 
angles, registration of cross-band beams, etc. For example, it has been 
shown that soil moisture determination is best carried out at about 4.5 GHz 
0 0 and for incidence angles in the 7 - 12 range, whereas crop classification 
is optimally accomplished at 14 GHz and with a 40 - 50 incidence angle 
range. 
These 
For example, C-band and Ku-band are opthum for 
0 0 
This situation of uncertaiaty requires that  the present antenna study incor- 
porate frequencies ranging from 1.2 - 14.5 GHz as well as a consideration of 
incidence angles from near-nadir to nearly 50 . In fact, one of the eventual 
goals of this project is to provide simulated performance data at a variety 
of frequencies, incidence angl'es, etc.: this may impose additional hardware- 
related restrictions on finalized choices of SMR design parameters. 
0 
1.2 The Need For A Comprehensive and Independent Antenna Evaluation 
Studs 
The Shuttle Multispectral Radar Antenna, being an electrically large 
radiator, has several characteristics that require a thorough analysis. 
Preliminary studies indicate that the SMRA must be a large structure, on the 
order of 12 m by 3 m which can operate in a space environment. 
tion of its electrical behavior (gain, beamshape, pointing accuracy, etc.) 
is vital to the calibra:.:n of the overall SAR system and thus to the success 
of the mission itself. Since the antenna development cost is by far the 
largest system development budget item, it is economically imperative that 
critical antenna parameters and potential calibration problems be identified 
early in order to avoid costly mechanical and electrical redesign phases 
The determina- 
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which might otherwise be required. 
simulation exercise such as described herein seeks to c l ea r ly  ident i fy  
a t  a very ea r ly  s tage those most l ike ly  technological problem areas which 
invariably accompany the  development of a state-of-the-art  instrument such 
as the Shut t le  Multispectral  Radar; t h i s  not only helps t o  avoid cos t ly  develop- 
ment e r ro r s  bu t  also permits a r e a l i s t i c  predict ion of the  performance of  
the  instrument i t s e l f  and thus allows design/perforrnance tradeof f s to be 
made a t  a much earlier s tage  of development. 
In  e f f ec t ,  a macro developmental and 
The hug: electrical s i z e  of the  t o t a i  antenna structure suggests t h a t  conven- 
t i ona l  techniques f o r  measurement of important electrical parameters w i l l  be 
of  l i t t l e  use and that novel ca l ibra t ion  schemes must  be devised. In additiofi, 
e l e c t r i c a l  and mechanical tolerance errors, pa r t i cu la r ly  systematic ones, 
are more l ike ly  to  ser iogsly degrade the  perfoilnance of a la rge  antenna. In  
preliminary invest igat ions by Hughes Aircraft Co. and B a l l  Brothers Research 
Corp., the  antenna configuration and s i z e  w a s  specif ied,  but no bounds were 
placed on tolerance e r ro r s  or performance indices. These bounds should be 
determined as soon as p s s i b l e  to  avoid the  expense of constructing e i t h e r  
an antenna whose parameters are overly r e s t r i c t e d  or an antenna whose perfor- 
mance will be inadequate for the  desired applications.  
I n  addition t o  determining antenna performance i n  an ideal ized environment, 
it is a l so  necessary t o  pred ic t  --- i n  s i t u  performance and to  devise means for 
assurance of ca l ibra t ion  s t a b i l i t y .  
mathematical model which describes the  SMRA performance including space 
environmental fac tors  siich as thermal gradient e f f e c t s  on e l e c t r i c a l  f l a tnes s ,  
beam pointing s t a b i l i t y ,  mater ia l  s t a b i l i t y  i n  a near-vacuum environment, 
and e f f e c t s  of multiple scatter from the  shu t t l e  bus i t s e l f .  
This prediction requires  an adequate 
Although the  e f f e c t  of the  SAR processor on the synthet ic  antenna performance 
has not been considered i n  t h i s  report ,  it w i l l  be discussed in subsequent 
reports. 
have l i t t l e  e f f ec t  on the image i f  the  antenna performance is s ign i f i can t ly  
degraded by external f ac to r s ,  or vice versa. A r e l a t ed  consideration is the 
study of r e a l i s t i c  ,ystetu ca l ibra t ion  tecnniques. 
The qua l i ty  of the  image processors current ly  being considered may 
,;stem development must 
be planned with ca l ibra t ion  as an g e g r a l  p a r t  of the  design process; 
ca l ibra t ion  m u s t  no t  be an afterthought.  
to  within a specif ied uncertainty,  the antenna should not be overspecified 
to a leve l  which cannot even be measured. For example, it should be possible  
to  answer the questiori, What l eve l  of antenna cross-polarization re jec t ion  
is actual ly  necessary i n  l i g h t  of:  1) user  requirements, and 2) a b i l i t y  to  
ca l ib ra t e  cross-polarized performance?" 
Since the  SMR can only be ca l ibra ted  
1.3 A Two-Path Approach To The Antenna Study Problem 
An answer t o  the  questions i n  the  l a s t  sect ion requires the development of 
both mathematical techniques and computer programs to  analyze random and 
systematic e l e c t r i c a l  and mechanical SMRA e r ro r s ,  and a method of measuring 
and t e s t ing  antennas representing the competing approaches. 
approach has been followed i n  Phase I and w i l l  continue t o  be used i n  subse- 
quent phases. 
This dual 
The mechanical model and computer simulation r e l a t e  e l e c t r i c a l  and mechanical 
tolerances to  performance indices. 
t radeoffs  can be made between the  qua l i ty  of performance and the e q e n s e  of 
t i g h t  tolerances. 
various space environmental conditions. Final ly ,  through analysis  of the 
results of several  simulations, the model is able  t o  f l a g  any possible 
problems t h a t  one of the competing designs might incur. I n  Phase I antenna 
parameters have been i d r n t i f i e d  which are c r i t i c a l  to  both antenna and 
system performance. Furthermore, a preliminary mathematical model and a 
computer program have been developed and tes ted.  Subsequent phases w i l l  
deal  with refinement of the  model and the simulation of a number of scenarios.  
The model is being designed t o  that  
It is  d s o  capable of predict ing SMRA performance under 
The measurement/testing problems can be a l lev ia ted  by perfonning appropriate 
tests on macro model subarray antennas representing the competing design 
approaches. These measurements w i l l  include near-field and fa r - f ie ld  e l e c t r i c a l  
performance t e s t s  and thermal cycling t e s t s  with mechanical f l a tnes s  measure- 
m e n t s .  The r e s u l t s  of these t e s t s  w i l l  be entered i n t o  the SMRA simulation 
model t o  pred ic t  the  performance of the  f u l l  s ize  array.  In  Phase I, those 
parameters which must be measured have been ident i f ied .  
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1.4 Scope of Work 
This report  presents the r e s u l t s  of several  a c t i v i t i e s  associated with the  
development of the  mathematical model, the  computer program, and the subarray 
panel requirement. These a c t i v i t i e s  were: 
1. A review of the antenna designs from the  def in i t ion  phase. 
2. A n  ident i f ica t ion  of c r i t i c a l  SMRA performance parameters. 
3. An ident i f ica t ion  of conditions which may degrade SMRA performance. 
4. An ident i f ica t ion  of f ac to r s  which may crea te  o r  influence error-  
causing conditions. 
The development of a preliminary SMRA mathematical model. 
The organization of  the SMRA computer simulation program. 
5. 
6 .  
7 .  A demonstration of the f l e x i b i l i t y  of the SMRA computer program. 
8. The ident i f ica t ion  of requirements ond spec i f ica t ions  f o r  the  
subarray panels. 
The development of an in te r face  data tape f o r  the University 
of Texas Applied Research Laboratory image processor simulation 
program. 
9. 
The pr inicpal  r e s u l t s  obtained t o  da te  are:  
1. A cause-effect re la t ionship  f o r  various environmental and physical 
fac tors  on the  antenna e l e c t r i c a l  and mechanical behavior. 
2. A baseline mathematical m d e l  f o r  the  e l e c t r i c a l  and mechanical 
behavior of the  SMRA i n  a space environment. 
A compilation of r e s u l t s  of the simulation of the basel ine designs 
for both competing approaches and several  sample scenarious 
demonstrating the  f l e x i b i l i t y  of the mathemat.ica1 simulation. 
3. 
2 .o IDENTIFICATION OF IMPORTANT PARAMETERS, THEIR -EFFECT ON SMR SYSTEM 
PERFORMANCE AND POSSIBLE TRADEOFFS 
2.1 A Review Of The Antenna Designs From The Definit ion P h E  
A review of the  candidate SMR system approaches and synthet ic  aper ture  
techniques w a s  conducted ear ly  i n  Phase I i n  order t o  e s t ab l i sh  a f ami l i a r i t y  
w i t h  both the  antennas themselves and the i n t t r a c t i o n  between the antenna 
and the image processor. 
had been placed on some of the antenna parameters, there w a s  not  a tolerance 
budget (or ra t iona le  for one) f o r  each major component of the ove ra l l  system. 
Because the performance of the overa l l  system is set by both *he antenna and 
the  image processor, and because these cannot be designed independently, it 
i s  our opinion t h a t  fu r the r  refinement of antenna performance parameters 
be withheld pending dual simulation of antenna and processor. To t h i s  end, 
we have developed an auxi l ia ry  computer program which generates rea!. antenna 
pa t te rn  da ta  for use by the  Applied Research Laboratories (University of Texas) 
i n  t h e i r  image processor simulations. 
It w a s  found tha t  although preliminary spec i f ica t ions  
Both Huahes and JPL have suggested i n  independently conducted s tudios  that 
the SMR antenna be a l a rge ,  planar array of approximately three meters by 
twelve meters. The twelve meter azimuth dimension was predicated upon the  
resolution requirement. 
swath width requirement, space required for both L- and X-band aritennas, and 
payload weight/size r e s t r i c t ions .  Both designs would use uniform il lumination 
and would achieve three d i f f e ren t  elevation beamwidths by switching between 
two panels. The angle of incidence would be control led by the a t t i t u d e s  of 
the shut t le .  
s l o t s  a t  X-band, whereas B a l l  Brothers (under cont rac t  t o  JPL) would use 
microstrip elements a t  both frequencies. For launch and boost, the  antenna 
would be folded twice i n  the azimuth dimension and scowed within the s h u t t l e  
payload compartment. After o r b i t  inser t ion ,  the ,antenna would be deployed 
t o  its nominally f l a t  shape. 
Brothers antenna spec i f ica t ions  i s  given i n  T a b l e  1. More de ta i led  information 
can be found i n  the Hughes report  t o  NASA/JSC of October 1975 and the JLL 
report to  NASA/JSC of March 1976. 
The three meter e levat ion dimension w a s  based u s n  the 
Hughes proposed to use crossed dipoles  a t  L-band and waveguides 
A comparison of the Hughes and J P L / B a l l  
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The s imi l a r i t y  of the tu0 designs makes it possible to model both antennas w i t h  
the  sane algorithm and mmputet program. The only s i q i f i c a n t  electrical 
d i f fe reree  is the element type, and t h i s  may be handled vith only a minor 
change i n  one subprogram. 
2.2 C r i t i c a l  Antenna Parameters 
S ix  antenr-a electrical parameters have been iden t i f i ed  as being critical to 
the SF2 performaace. They are: 
1. Antenna gain m d  etf ic iencp.  
2 .  b i r r  beam shape. 
3. Side lobe level .  
4. Polar izat ion purity.  
5. Beam poict ing accuracy. 
6 .  Cross-band and cross-polarization beam coincidence- 
For each of these parameters, botil static errors and dynamic errors must Se 
considered, In  m y  cases, static errors, or those errors which do not  
change during a mission, can be compensated. On the other hand, dynamic 
errors whose e f f e c t  on performaGce may change during a e s s i o n ,  are qu i t e  
d i f f i c u i t  to  handle. For example, the shape of the m a i n  beam w i l l  d u l a t e  
the data. I f  the beam shape is knwn, th is  effect may be processed out  of 
the f i n a l  image. But if the  beam shape changes during f l i g h t ,  as it may 
due to  thermal d i s to r t ion  of the  antenna s t ruc ture ,  it may be impossible to 
rompensate for the tizte-varying modulation without real-time knowledge of 
the antenna pattern.  
In the following, each of the above s ix  parameters w i l l  be discussed 
considering both types of e r ro r s  and possible t radeoffs  with other  system 
components. 
Antenna Gain h Efficiency -- S t a t i c  errors w i l l  affect the  system signal-to- 
noise ratio (SNR). Tradeoffs a r e  with t ransmit ter  power, receiver s e n s i t i v i t y ,  
and minimum detectable sca t t e r ing  cross section. Slow changes i n  the antenna 
gain or eff ic iency over a period of hours or days cause i n s t a b i l i t y  i n  the 
system cal ibrat ion.  
9 
Hain Beam Shape -- The azimuth beam shape does not affect the system as luch 
as the elevation beam shape, since each resolution cell "sees' the entire 
azimuth beam but only sees a portion of the elevation beam. As mentioned 
above, the s ta t ic  antenna gain pattern weights the amplitude of the data, 
but this effect can be compensated by using the appropriate (in elevation) 
processor demodulation algorithm 
(e.g., caused by thermal deformations related to changing sun angle) are 
largely uncorrectable and lead to a degradation in image quality. 
t b u e w e r ,  dynamic changes in the beam 
Side bbe Level (SLL) -- The prinicpal impact of the side lobe level on the 
overal' system is one of ambiguities within the processed image- 
illumination of t h  SSRA w i l l  produce a theoretical SLL of -13.3 dB (one-way), 
but this level may rise drie to panel folding/unfolding errors, mechanical 
and thermal distortions, etc. However, azimuth ambiguities can be suppressed 
further by proper choice of the Doppler processing b a n d w i d t h  and the pulse 
repetition frequency (PRF), 
returns that are outside the desired image swath width which arrives a t  the 
receiver simultaneously w i t h  the return from a point which l i es  w i t h i n  the 
desired swath width. Unfortunately, their control is provided almost exclu- 
sively kg the antenna elevation pat ten.  Consequently, any rise in 'he side 
lobes, stat ic  or tinrevarying, w i l l  decrease the imaged signal-to-ambiguity 
ratio. Furthermore, an increase in the SLL indicates that the antenna gain 
has decreased, degrading the SEJR as well. 
cri t ical  since no compensation can be performed on the processed image. 
Uniform 
Range ambiguities are the result of ground point 
Elevation side lobes are the most  
Another quality criterioli is that Df total peak to total siOe lobe power 
ratio. Even though a l l  side lobes may f a l l  below SOUE relative level 
(for example, -20 dB), the integrated SLL power level amy completely mask 
the presence of a fairly strong point target. 
One obvious, but expensive, solution to the ambiguities problem roula be 
to  overdesign the range pattern of the SMRA by tapering the range excitation 
amplitude to produce an even lower side lo& level. 
tradeoffs to be considered. F i r s t ,  the SMRA would be more susceptible to 
errors induced by mechanical and thermal distortions since tighter control on 
There are tm, ocher 
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magnitude and phase exc i ta t ion  tolerances is necessary to obtain the low 
s ide  lobe pattern.  Secondly, the  three  required beamwidths could not be 
obtained simply by switching &tween the t w o  subarrays as in the  case of 
uniform illumination. 
Polarization Purity -- No adequately substant ia ted performance guideline for 
polar izat ion pur i ty  has y e t  been announced. However, it is fe l t  that t h i s  
parameter w i l l  be inportant  t o  the s c i e n t i f i c  community and should be considered. 
In theory, the  presence of any cross-polarized f i e i d  a t  the antenns output 
w i l l  degrade the qua l i ty  of the  data. However, the  cross-polarization l eve l  
performance actual ly  required depends on the intended use of the da ta  ani. 
the  SOphiStiCatiOn of the  uo c la s s i f i ca t ion  models. 
band GEHS SAR, most users  f e e l  that a -20 dB cross-polarization l eve l  is q u i t e  
adequate. 
degree by the  se lec t ion  of the array element type and the iabr ica t ion  of a 
supporting s t r u c t u r e  t h a t  w i l l  allow l i t t l e ,  i f  any, deviation of t he  array 
surface from mechanical f la tness .  
and technical r i s k .  
be compensated i n  the  processing hardware, but  ce r t a in ly ,  time-changing 
i n s t a b i l i t i e s  would be uncontrollable. 
For example, i n  the  X- 
The l eve l  of t h i s  unwanted component can be controlled t o  some 
The pr inc ipa l  t radeoffs  a r e  against  expense 
I t  is conceivable that any static pur i ty  problems might 
Beam Pointing Accuracy -- The items basic to  the subject of antenna pointing 
are: 1) The posi t ion of the  antenna beam r e l a t i v e  t o  the zero Doppler plane; 
and 2 )  The r a t e  of change of t h a t  position. Both of &ese items must be 
considered when attempting to locate the  plane of zero Doppler fo r  the 
processor. In  the  process of forrning the synthet ic  aperture,  it is necessary 
to sense any changes i n  the posi t ion of the  antenna beam relative to the 
isodops (surfaces of constant Doppler frequency) so t ha t  the  resu l t ing  image 
may be compensated. One way of doing t h i s  is -0 monitor i n  real time the 
average Doppler S h i f t  of the  radar data and use t h i s  information t o  keep the  
beam centered about the required isodop. Unfortunately, this requires precise  
control of the  beam pointing direct ion,  and any errors, static or dynamic, 
w i l l  t e n d  to  inval idate  this approach. 
- -.
A second approach would be to monitor the  data and dbnamically ad jus t  the 
processor t o  compensate for deviations i n  team posit ion a s  w e l l  a s  o r b i t  
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eccent r ic i ty  and angular ve loc i ty  (combined p i tch ,  rol l ,  and yaw velocities) 
of the spacecraft. 
(at the expense of  increased processor complexity) to placing limits on the 
angular excursions of the combined antenna electrical/mechanical beam point ing 
d i rec t ions  and on the  rate o f  change of t h i s  angular motion. 
Using t h i s  approach, the antenna requirements are reduced 
t The following antenna pointing and s t a b i l i t y  limits have been recomnended : 
- + 0.5 degrees i n  pi tch,  rcll  an^ yaw. 
0.01 degrees E e r  second maximum i n  pi tch,  rol l ,  and yaw rates. 
In summary, a t radeoff  e x i s t s  between processor complexity and anteruw beam 
pointing requirements. 
Cross-Band and Cross-Polarization Beam Coincidence -- No in fomat ion  is ye t  
avai lable  on beam coincidence requirements. Obviously, the  c lose r  the coin- 
cidence of footpr in t  regis t ra t iot i ,  the  more meaningful the cross-band and 
cross-polarization da ta  becomes. Again, the intended uses of the SMR data  
must be considered i n  attempting to  qua l i fy  beam coincidence requirements. 
Two major projected uses are: 1) Crop c le s s i f i ca t ion ,  and 2) Soil moisture 
measurement, with the high frcquency being mst useful  f o r  (1) and the lower 
frequency most useful  f o r  ( 2 ) .  Thus, i n  specifying the cross-band beam 
coincidence, one must ssk how the da ta  are to be used i n  an interpAetivt  
model. See Section 1.1. 
It is conceivable t h a t  any stat ic  e r ro r s  could be compensated by increasing 
the processor complexity. However, dynamic changes i n  beam coincidence seem 
to be undetectable and hence uncompensatable 
2.3 Conditions Which May Degrade Antenna Ferfomanc= 
The s i x  cr i t ical  antenna parameters of the l a s t  sect ion are d i r e c t l y  a f fec ted  
by both random and systematic error; in the  electrical exc i ta t ion  and/or 
mecharical mst ruc t ion  and or ien ta t ion  of the SllR array. This sect ion 
' J .G.  Mehlis, Shut t le  Synthetic Aperture Radar Implanentaticn Study, Vol. I ,  
Jet Propulsion Labo,atory Document 750-73, PasaGena, Cal i fornia ,  March 8, 
1976, p .  2-42. 
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discusses the  e f f ec t  of various types of e r ro r s  upon the performance of the 
antenna. 
2.3.1 E l e c t r i c a l  Errors 
Electr i : - . l  e r ro r s  a r e  c l a s s i f i e d  in to  two types, random and systematic. 
While b<&h c lasses  w i l l  be discussed, it is f e l t  t h a t  the e f f ec t s  of system- 
a t r c  erc-ms on SMRA performance w i l l  be the more important consideration i n  
the performance of the r e a l  antenna since the  overa l l  e f f e c t  of small random 
ex.-ors d: ninish as  the s i z e  of the array increases due t o  an averaging e f f ec t .  
It shoui 
s ';nthesi.ed antenna pa t te rn  Ce.g., synthet ic  beam pointing errors caused by 
pha\e decorrelation due t o  random phase e r r o r s ) ,  but the extent  t o  which 
these errors degrade overa l l  system performance cannot be predicted without 
fur ther  s tudy  and a knowledge of the image processor operation. 
be pointed out t h a t  random errors do a f f e c t  the perfo-mance of the -
Randm e l e c t r i c a l  errors may be divider; i n t o  three catagories:  
1. Amplitude errors .  
2 .  Phase errors .  
3 Errors i n  the individual e l e ren t  pat terns .  
Random axtplitude e r rq -b  w i l l  cause a l o s s  of gain,  a broadening of the main 
beam, a r tdact ion i n  n u l l  depths, and t o  a l e s se r  extent ,  a r i s e  i n  th2  s ide  
lobe level .  Random phase e r ro r s  a f f ec t  the r e a l  beam pointing d i rec t ion  and 
SLL, a s  do e r ro r s  i n  the  cha rac t e r i s t i c s  of the individual element pa t te rns .  
These e r ro r s  a r i s e  from the manufacture-.controlled tolerances placed on the 
antenna w h d :  a re  the r e s u l t  of element-to-element var ia t ions  i n  the feed 
arrangement, power d?. .c?ers, waveguide s l o t  width and placement, e t c .  A 
given random erro. sill a f f e c t  X-band performance more than L-band performance 
s ince phase tolerances a re  r e l a t ive  to  wavelength. 
Systemat&,: e l e c t r i c a l  e r ro r s  are  much more d i f f i c u l t  to  analyze than random 
error  
stxucture and geometry. Consequently, l i t t l e  a p r i o r i  information is 
avai lable  fo r  the systematic e r rors  which may influence the performance of 
the SMRA. L e  more common (and most ea s i ly  analyzed) e r ro r s  are:  
Ance the more imgortant systematic e r ro r s  depend upon the arltenna 
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1. Linear phase errors. 
2. Quadratic phase errors. 
3. Cubic phdse errors. 
4. Periodic errors. 
A systematic l i n e a r  phase s h i f t  across the  array w i l l  change the beam pointing 
directiorr, broaden the  main beam, decrease the gain, increase the S U ,  and 
degrade polar izat ion purity.  
depths between s ide  lobes, widen the main beam, reduce gains,  and increase 
the  leve l  of the  near-in side lobes. However, the beam di rec t ion  remains 
unchanged. C u b i c  phase e r r o i s  w i l l  s h i f t  the  beam posi t ion,  decrease the  
gain, and produce asylmnetrical side lobes. Periodic errors c rea t e  two 
addi t ional  s ide  lobes and a l o s s  of gain, but  no beam pointing e r rors .  
Quadratic phase e r r o r s  tend t o  raise the n u l l  
Errors which cannot be c la s s i f i ed  in to  one of the  above categories must be 
analyzed separately. 
t o  simulate the e f f ec t  of such errors on a d i g i t a l  computer. In  t h i s  way, 
information ccncerning footpr in t  shape, gain,  etc., can be obtained for a 
la rge  c l a s s  of systematic errors .  
The only e f f i c i e n t  method of tackl ing thfr problem is 
The ma*.hematical algorithms f o r  the simulation w i l l  be kialyzed i n  Section 3, 
the  organization of t h e  computer program w i l l  be discussed i n  Section 4 ,  and 
the  source l i s t i n g  f o r  the  computer program is given i n  the appendix. 
2.3.2 Mechanical Ezrors 
Both random and systematic mechanical e r r o r s  arise from manufacturer-induced 
tolerances; space environmental e f f ec t s  on the antenna and its supporting 
structure induce addi t ional  systematic departures from f la tness .  
mechanical e r ro r s  w i l l  l i ke ly  be more detrimental  to  SMRA p e r f o m a c e  than 
random errors .  
Systematic 
The most s igni f icant  mechanical error problems w i l l  be concerned with deviat ions 
of the array from nominal f la tness .  
will be the same as a systematic e l e c t r i c a l  phase error s ince the change i n  
The e f f e c t  of this error .YI performance 
element path-length dis tance introduced by t h i s  d i s to r t ion  can be viewed as 
an electrical phase difference.  Hence, a mechanical d i s to r t ion  w i l l  exhib i t  
the  same e f fec t s  a s  the  phase d i s to r t ions  of the las t  section. These include 
Seam defocusing, gain reduction, an SLL increase,  and polari.zation pur i ty  
degradation. 
Another source of mechanical errors is  the  random and systematic e r ro r s  i n  
the  element locations.  Translat ional  e r ro r s  w i l l  change tk:e beam shape, 
r a i s e  the side lobe level ,  and may introduce other  labes. The e f f ec t  of 
ro ta t iona l  e r ro r s  w o u l d  be to  destroy the  po1ariza:ion puri ty  and to  decrease 
the  gain. As with e l e z t r i c a l  e r ro r s ,  the  only e f f i c i e n t  method f o r  determining 
the  e f f e c t  of mechanical e r ro r s  t o  devise a su i tab le  computer algorithm. 
such algorithm is  described i n  Sections 3 and 4. 
One 
2.3.3 Other Sources of Errors -
One source of e r ro r  t h a t  should not be ignored is the multipath e2icfects 
caused by re f lec t ion  from the Shut t le  body and/or other experiments. A 
ray-optics treatment of the problem shculd be su f f i c i en t  t o  ident i fy  any 
possible problems, and t o  suggest ways of reducing multipath e f f e c t s  t o  a 
minimum. 
Another consideration t o  the  overa l l  performance of the antenna is the 
degradation of mater ia ls  due t o  the space environment and exhaust envelopes 
of the Shut t le  engines. This could become important f o r  the d i e l e c t r i c  used 
i n  a n i c ros t r ip  antenna element. 
2.3.4 Summary of Errors 
The e f f ec t s  of various e l e c t r i c a l  and mechanical e r ro r s  on SMRA performance 
is summarized i n  Table 2. 
2.4 Summary 
The four cause-effect re la t ionships  discussed i n  Section 2 a re  graphical ly  
portrayed i n  Figure 1. Brief ly ,  manufacturing, environmental, and deployment 
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factors w i l l  create e l e c t r i c a l  and mechanical errors. These errors i n  turn 
a f f e c t  the perform, ,-e of the SMR antenna which then changes the characteris- 
t i c s  of the ground footprint.  
determinant of quality of the overal l  system. 
Final ly ,  the footprint shape is  a major 
3.0 THE DEVELOPMENT OF A PRELIMINARY SMRA MATHEMATICAL MODEL 
To obtain predictions of the  behavior of the  Shut t le  Multispectral  Radar 
Antenna under a wide var ie ty  of e l e c t r i c a l ,  mechanical, and environmental 
conditions, a number of algorithms simulating the SMRA were developed. 
Emphasis was given t o  developing mathematical models t h a t  would predic t  the  
e f f e c t  of systematic departures from mechanical and e l e c t r i c a l  f l a tnes s  on 
beam pointing accuracy, beam eff ic iency,  etc. Later phases of t h i s  work 
w i l l  add t o  the i n i t i a l  model addi t ional  algorithm modules t h a t  w i l l  take 
in to  account the  r e s u l t s  from thermal, mechanical and e l e c t r i c a l  tests. 
The theory and p rac t i ca l  considerations behind the  PSL approach t o  large- 
scale array modeling was presented in Section 2 . 2  of the  Phase I Interim 
Report. 
program discussed i n  Section 4 of t h i s  report. 
selected examples are given i n  Section 5. 
This method has been expanded upon and implemented i n  the computer 
The r e s u l t s  from a few 
3.1 Antenna E lec t r i ca l  and Mechanical Charac te r i s t ics  
A f l a t  uniformly excited recthgular e l e c t r i c a l l y  la rge  array of equally- 
spaced elements lying i n  the  (x, y)-plane w i l l  produce a fa r - f ie ld  radiat ion 
pa t te rn  of the form: 
(3-11 
s i n  MJ1J2 
M sin J1J2 N s i n  J1J2 E = Eo 
wherc: EO = constant 
M = number of array elements in azimuth (x) 
N - number of array elements in elevat ion (y) 
$x = Wxu + ax 
$ , r  B d v +  a 
Y Y 
= 2n/A = wave number 
dx = x-axis interelement spacing 
d = y-axis interelement spacing 
u 
v 
Y 
= cosine of pointing d i rec t ion  with respect t o  the  x-axis - cosine of pointing d i rec t ion  with respect  to  the y-axis 
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- x-axis interelement phase s h i f t  
a = y-axis interelement phase s h i f t  
Ox 
Y 
However, the presence of random and systematic e l e c t r i c a l  and mechanical 
e r ro r s  i n  the array str-ture requires d much more general model. Three 
mechanical and e l e c t r i c a l  models were considered i n  the Phase I Interim R e p o r t .  
In essence, each model incorporated an approximation of the e l e c t r i c a l  and 
mechanical surfaces. 
be low. 
The three varying degrees of  approxifiation a re  described 
1. The array fac tor  is the  sum of the  pa t te rns  of each individual 
element, each of which has its own locat ion,  or ien ta t ion ,  and 
exci ta t ion.  ( N o  approximat ion) 
The electrical/mechanical deformation of the array is approximated 
by a function o r  sum of functions whose closed-form array f ac to r ( s )  
can be found. 
The electrical/mechanical deformation of the  array is approximated 
by piecewise b i l i nea r  error-minimizing rectangular sections.  
2. 
3. 
The f i r s t  two of these were e i the r  too time-consuming o r  unable t o  model 
adequately severe systematic errors .  The th i rd  a l t e rna t ive  w a s  considered 
t o  be the  bes t  compromise, especial ly  i f  the  number of subarray sect ions 
could be varied t o  r e f l e c t  the sever i ty  of the d is tor t ion .  
The geometry of the  approximated antenna surface is explained i n  Figure 2 ,  
while F i g u e  3 shows an individual subarray un i t  i n  l oca l  coordinates. 
3.1.1 The Antenna Radiation Pat tern Algorithm 
Consider an array antenna composed of M x N subarray sections.  
is nominally locatsd in the  z=O plane and it is  centered about the  z-axis 
a s  i l l u s t r a t e d  in  Figure 4. 
antenna may be w r i t t e n  as the  weighted sun of the contributions from each 
subarray. 
The antenna 
The f a r - f i e ld  radiat ion pa t te rn  of such an 
20 
21 
Figure 3 .  Single subarray sect ion i n  local coordinates. 
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*ere: a e j 4  mn = the complex exci ta t ion  of the mn* subarray. m 
(u, v, u) = (sinecosg, sin0sin4, cose), the cosines of the 
beam pointing d i rec t ion  with respect to the x, y ,  
and E axes. 
6=2=/x = wave nunber of the source- 
= i n t r i n s i c  impedance of the medium. 
= vector  array factor of the mth subarray. 
- ( x m u + y  v +  E w) 
- 7ri 
gm;u, v) 
mn mn JI 
(x-, ym, t 1 = locat ion of the center of the mn* subarray. mn 
For rectangular sect ions with dipole elements, the vector *subarray factor- 
has the form: 
Pu2 
x r - ~ ~  x - Borizon'cal Polarization 
(3-3) 
y V e r t i c a l  P o l a i z a t i o n  
where:  N N = number of elements in the subarray. 
X Y  
' X  
'Y Y Y Y 
+x, ' y  
O.8 Oy 
= &dxcos(co$-~u - ax' + $= 
= 86 cos{coS-'V - a ) + 0 
dX, d = interelement spacing. Y 
= interelement phase s h i f t .  
= the x-axis and y-axis angular tilt of the section. 
The (n,n) subscr ipts  have been dropped for c la r i ty .  
Notice t k a t  for a given linear polar izat ion,  Jqml m y  be writ ten as: 
This separabi l i ty  allows one to  precalzulate  f l  (u) and f2 (VI so that 
may be calculated using a table look-up algorithm, great!y reducing the 
numbers of operations and function calculations.  
mn 
Since all subarray 
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sec t ions  are iden t i ca l  except for or ien ta t ion ,  the same f l  and f2 tables 
may be used for each. 
by vectora l ly  summing the  contributions from each subarray, 
The total far-field rad ia t ion  pa t te rn  is then obtained 
3.2 Antenna P o s i t e n  and Orientation 
The spacecraft posi t ion and or ien ta t ion  are spec i f ied  by its a l t i t u d e  and 
three angles. These angles (YAW. TILT, are TWIST] are defined by f i g u r e  5. 
While it is t rue  tha t  only t w o  angles are needed to specify any possible 
(static) or ien ta t ion  of t h e  antenna, three angles are used t o  enable the 
user to pic ture  c l ea r ly  the antenna pointing d i rec t ion .  
subsatellite point  is assumed here to be Oc Langitude, 0" Lati tude a= shown 
in Figure 6. 
The antenna 
The matrices for the three ro ta t ions  are: 
TILT: 1 0 0 
0 
cos(TWIST) sin(TWIST1 
cos(TW1ST) 
'IWIST : 
C 
(3-61 
In  practice, the YAW, TILT, and TWIST matrices would be mult ipl ied together 
and stored as a s ingle  3x3 matrix. 
3.3 Coordinate Transfonat ion  To Produce The "Footprint" On The 
Earth 's  Surface 
There are two transfonnations involved: 
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TRUE NORTH 
ing 
Subsatellite 
Point 
Figure 6. SMRA antenna above a spherical earth. The 
subsatellite point is at Oo latitude, O'longitude. The 
beam is pointed at (al(latitude), a (longitude)]. 
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(1) What point ,  i.e., with l a t i t ude  (a 1 and longitude (a2), on the  
ea r th ' s  surface corresponds to  a given beam di rec t ion  (u,v)? 
1 
(2)  What antenna beam di rec t ion  (u ,v , )  corresponds t o  a spec i f ied  
l a t i t ude  and longitude location? 
The first transformation is  used to predic t  the locat ion of the  beam center .  
The second is  tcessary t o  determine the " footpr in t"  contours of the antenna. 
3-3-1 Latitude and Longitude From Beam Direction 
For an unrotated antenna pointing to  a nadir  of (Oo, 0") , the  following 
formulas may be derived: 
a = s i n  r L ie 1 sine 
n 
0, = 4-5 
' 'r e Range = R 
= radius  of the (spherical)  ear th .  Re 
A l t  = antenna a l t i t u d e  i n  same u n i t s  as R . 
(e,+) = pointing d i rec t ion  of unrotated antenna. 
= range angle. r a 
= heading angle. or 
where : 
e 
-1 
-1 
Then : a2 = tan (sing / tam ) 
a1 = COS (cosa /cosa2) 
r r 
r 
If a1>900, a1 = a - 180°. 1 
(3-7) 
(3-7a) 
Example, l e t  Re = 6400 km, A l t  = 200 Ian, and (e ,+)  = (60°, 120O). Then: 
= 3.263975' 'r 
a2 = 1.6333O 
Range = 364.56 km. 
= 30° 
ar = 2.8263' 
0 ,  
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3.3.2 Beam Direction From Latitude and Longitude 
Given a and a w e  may inve r t  eqns.  (3-7a) to find: 1 2 
-1 ar = COS ( c o s ~ ~ - c o s ~ ~ )  
$r = s i n  -1 (cosal=cosar*sina 1 
2 
Then : (I = 4, + 90' 
x = -R cosalsina2 
e 
(3-8) 
(3-9) 
y = R s ina  
Example, l e t  R = 6400, A l t  = 200 Ian, al = 2.82631°, and a2 = 1.6333O. Then: e 
= 3.263975O X' = -182.19476 km. 
O r  
+r 
I# = 120° r* = 420.764 km. 
z' = 210.382 Ian. 0 = 60° 
= 29.9997 b 30° y *  = 315.5738 Ian. 
3.4 Data Handling Techniques and D a t a  Reduction 
With the  vas t  amounts of data generaLed by this algorithm, it was clear 
t h a t  i n  order t o  obtain usable resvllts, the data  must be reduceci to p i c to ra l  
fom. Five modes of presentation were i.eveloped. These are: 
1. Pr in te r  p r o f i l e  p lo t s  of "pr incipal  planes." 
2. Pr in t e r  contour p lo t  of the e n t i r e  region uf i n t e re s t .  
3. Plotter p r o f i l e  p l o t s  of "principle  planes." 
4. Plotter contour p l o t s  of the  e n t i r e  region. 
5. Plo t t e r  three-dimensional p lo t s  of the  e n t i r e  reqion. 
The p r in t e r  p l o t s  provide a quick and !.nexpensive ?review of +-he resul ts  of 
the  simulation. If sa t i s fac tory  resul ts  are obtained, then the Calcomp 
p l o t t e r  is used t o  draw more de ta i led  plots .  
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When the  Tektronix 4051 in te rac t ive  graphics terminal is made operational,  
many of the data presentation problems w i l l  be grea t ly  simplified.  
be then possible t o  quickly draw a complete contour "footpr int"  from any 
data  se t .  
taken. 
It w i l l  
I f  a permanent copy is desired,  a hard copy o r  photograph may be 
3.5 A r e a s  For Further Development 
The mathematical model discussed here is preliminary i n  nature  and i t s  
algorithms w i l l  be refined and expanded during Phase 11. 
The most s igni f icant  addition to the model w i l l  be the incorporation of da ta  
gathered f r o m  near-field and fa r - f ie ld  electrical measurements, thermal 
measurements, and mechanical tests of the subarray panels. These data, t o  be 
taken dcring Phase IV, w i l l  be used by the  model to  predic t  the  performance 
of the  fu l l - s ize  SMR antenna. It is planned t o  add these modules to  the  
algorithm during Phase 111. 
The other  important addition to  the model w i l l  be the inclusion of a module 
to  accept a rb i t r a ry  ar-ay elemcnts and/or total  w.tenna type. W i t k  t h i s  
change, other  antenna types, such as r e f l ec to r  antennas, other aperature 
antennas, and t rave l ing  have antennas, can be simulated as w e l l  as arrays 
of antennas with a rb i t r a ry  elements. 
3.6 Sumnary and Block Diagram Of The Simulation Algorithm 
The operation of the SMRA mathematical model can be summarized by the  
block diagram shown i n  Figure 7. 
are shown. 
Only those modules presently implemented 
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Enter algorithm with desired 
fidd point location (u,, a$. 
I 
Calculate field from mnth subarray 
and add t o  total. 
-. 
Transform actual field point 
to unrotated antenna inertial 
frame. (ALT, RE) I 
Rotate Antenna 
(YAW, TWIST, TILT) 
f 
~ 
Translation to mn& subarray 
local coordinates (DX, DY, PX, 
PY, ALPHAX, ALPHAY) 
I 
Yes 
1 
Exit  algorithm with magnitude 
and phase of field at (a,, a$. 
Figure 7.  Operation of the SMRA mathematical model. 
4.0 THE SMRA SIMULATION PROGRAM 
A computer program was wr i t ten  t o  implement the  simulation algorithms of 
Section 3. 
anteann cootpr int  on the  ea r th ' s  surface. 
shown i n  Figure 8, and a description of each program segment is given i n  
Section 4.1. 
It produces l i n e  p r i n t e r  p l o t s  and Celcomp p l o t t e r  plots of the 
The organization of the  program is 
4.1 Program Description 
MAINPGM - 
ANTENA - 
MECH - 
STRESS - 
TKERML - 
Performs mostly housekeeping chores and calls o ther  rout ines  
according t o  user inpiit commands. It ca lcu la tes  the  "YAW- 
TILT-TWIST" array,  predicted beam center  locat ion,  plot  
normalization f ac to r  (pat tern value a t  predicted beam center  
loca t ion) ,  increments beam pointing angle t o  cover e n t i r e  
"footpr int"  region and initiates p r o f i l e s  along l i n e s  of 
constant l a t i t u d e  and longitude in t e r sec t ing  the predicted 
beam center. 
Inputs and ca lcu la tes  appropriate antenna parameters: 
of elements, spacing, phase s h i f t ,  number of subarrays, 
polar izat ion,  and e lement  type. A f t e r  ca lcu la t ions  have been 
performed, a summary is printed. 
number 
Calculates mechanical deformation da ta  based on the  inputs  
from STRESS, THERML, and MISC. For each subarray, MECH 
ca lcu la tes  the average displacement ZAVG, the  tilt angles, 
ALPHAX ar?d ALPHAY, and the e r r o r  coe f f i c i en t  of t h e  b i l i n e a r  
approximations. A summary is pr in ted  a f t e r  execution. 
Determines the  warpage of the  array t h a t  is due t o  mechanisal 
considerations. 
W i l l  determine the warpage of the a r ray  due to  thermal gradients 
across and through the  array s t ruc ture .  (Not Yet Implemented) 
31 
Antenna ANTENA 
E l u t r M  
Antenna 
Pattern 
on Earth's 
Surfwe 
Output 
Commands 
B 
8 
and 
MuhanicJ 
:harut.ristia 
r- - PAT AF - GENER 
- OUTPUT I 
: PROFIL 
I 9 
STRESS - ELEC 
- - MECH - THERML 
* 
PATCON i j CONTUR 
u 
t 
- 
PLOT2 
t 
P 
, 7 
PLOT3 
110 DEVICE SYMBOLS 
(-1 - Punchod Cards 
U 
L A TAPE1 
I 
i 
8 
- 
Y 
+ DISK 
I10 
STATUS 
i 
TAPE2 
, 
Line Printw 
- Disk Drive 8
Figure  8.  Organization of the  SMRA Simulat ion Program. 
MISC 
ELEC 
ORBIT 
PAT 
AF 
GENER 
OUTPUT 
PROFIL 
PATCON 
Inputs any other deformation da ta  not covered by STRESS and 
THERML. 
Inputs the amplitude, phase, and l i nea r  phase gradients  of each 
subarray. This information is passed to PAT v ia  common block 
ELCTRC, and a summary is printed.  
Inputs o r b i t a l  parameters and antenna YAW, TILT, and TWIST, 
then p r i n t s  a summary. 
Is the basic  pa t te rn  subprogram. Given lati tude-longitude 
coordinates on the ear th ' s  surface,  it performs a l l  t rans la t ions  
and ro ta t ions  t o  determine the beam pointing angle (u,v).  It 
then c a l l s  AF t o  f ind the subarray fac tor  and f i n a l l y  computes 
the  sum of a l l  scbarrays. 
Yhis function calculates  the array f ac to r s  of a subpanel by 
" table  look-up" with l inear  interpolat ion i f  1. UMAX and 
Ivl < VMAX. Otherwise, the AI' is computed i n  the usua l  way. 
This routine generates the tab le  used by AF. 
1001 words: UMAX and VMAX a re  chosen t o  include the  main beam 
plus  the f i r s t  three s ide  lobes. 
Tab le  length i s  
Translates user commands f o r  p r in t e r  and pa t te rn  output i n t o  
log ica l  switches f o r  the program. 
Is the p r in t e r  p ro f i l e  plo* routine. It w i l l  p r i n t  a one- 
dimensional p l o t  down the page f o r  up t o  501 data  points.  
exact values of both t h e  abscissa and ordinate  are pr inted 
with each data point,  the ordinate  a l so  being pr inted i n  dB. 
The 
Is chief ly  a "booUeeping" subroutine fo r  CC.ITUR. It c a l l s  
subroutine CONTUR three times ta generate a complete 151 x 151 
two-dimensional contour map. 
CONTU R 
PLOT1 
PLOT2 
PLOT3 
TAPEl 
TAPE2 
DISK 
STATUS 
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P r i n t s  a 51 x 151 contour p lo t  of the footpr int .  To obtain a 
compl.ete 151 x 151 p lo t ,  t h i s  r o u t i n e  is ca l led  three times by 
subroutine PATCON. Then the three separate p lo t s  are pasted 
together t o  make the composite. 
Is the  Calcomp one-dimensional p l o t  routine.  
twice by the main program, and it is used t o  generate the 
pro f i l e  p lo ts  of the pr incipal  planes through the main beam. 
It is ca l led  
Is the  Calcomp contour map routine. 
generate the p r in t e r  contour map, it draws a continuous contour 
p l o t  of the  antenna ground footpr in t  over the rectangular 
region specified by the user. 
From the  da ta  used t o  
Is the Calcomp three-dimensional p lo t  routine. It p l o t s  the 
magnitude ( i n  dB) of t h e  footpr in t  pa t te rn  over rectangular 
region specified by the cser.  
W i l l  be used t o  s t o r e  the pattex-u na t r i ce s  and other  important  
var iables  so t h a t  addi t ional  p lo t s  may be generated by other  
programs without recomputing the data. ( N o t  Yet Implemented) 
Is the  ARL data  tape routine. It s to re s  the antenna pa t te rn  
as a function of u and v and is used whenever ARL requires a 
new antenna pat tern for t h e i r  processor modeling program. ( A t  
present,  TAPE2 i s  a skparate computer program.) 
W i l l  be used t o  s to re  pat tern data on a disk dr ive  at PSL. 
(Not Y e t  Implemented) 
W i l l  be used t o  determine what data  has been s tored by TAPEl 
and DISK, t o  se lec t ive ly  erase any simulation run, and t o  
r e i n i t i a l i z e  the e n t i r e  storage area. (Not Yet Implemented) 
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4.2 Input/Output and F l e x i b i l i t y  To The  User - -- 
The program input da t a  has been s t ruc tured  so t k a t  user knowledge of computer 
frmdamentals is not  required. Consequently, the  prograin .can be used by 
anyone des i r ing  information concem.ing t h e  foc tp r in t  of a ?a r t i cu la r  antenna 
configuration. 
The input has oeen divided int.0 s i x  modules. These are: 
1. Simulation Information 
2.  Antenna Posit ion and Orientation 
3. Output  Comands and Parameters 
4. Antenna Configuration 
5. Antenna Nechmical Parameters 
6. Antenna Electrical  Parameters 
By including input parameters j-n these  six categories ,  it is possible f o r  
t h e  user t o  simulate a wide range of electrical, mecharical, w.d physical 
scenarios. Furthermore, a chanqe in the  simulation does not  r e q u i x  t h a t  
the  complete input deck be repunched. When r e l a t ed  scenarios Ai . b r  - . 
studied,  only one of the  s i x  modules need be changed. 
Examples of d i f f e ren t  simult .ions are deferred t o  Section 5. 
4.2.1 Simulation Information 
The s i rnu la t i an  information cons is t s  of three  en t r i e s :  1) t he  simulation 
number, 21 t he  da te  of the  simulation, and 3)  a shor t  na r r a t ive  describing 
the  simulation. 
information. 
output to  allow quick iden t i f i ca t ion  of the program output and fu ture  dates .  
The simulation number and da te  provide bookkeeping reference 
The na r ra t ive  is printed a t  the beginning of t he  computer 
4.2.2 Antenna Position and Orientation 
The parameters used as input  for t h i s  category are antenna a l t i t u d e ,  yaw, 
tilt, twist, and frequency. Al t i tude  is expressed i n  kilometers, the angles 
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are expressed i n  degrees, and frequency is expressed i n  GHz.  
are more f u l l y  described i n  Section 3- 2. 
These parameters 
4.2.3 Output Comaands and Parameters 
Five log ica l  sditches are used to  control  the five autput  categories of 
Section 3.4. I f  a p x t i c u l a r  output is desired,  the associated comaand 
switch is set to  logical "1". I n  addition to the output commands, it is 
necessary to specify parameters for those output  devices which have been 
turned on by the  output commands. 
The parameters needed for a pa r t i cu la r  simulation are governed by which 
log ica l  switches have been previously engaged. If any output conanand is 
entered, then the l a t i t u d e  and longitude limits of the foo tp r in t  must be 
entered. If a p l o t t e r  contour map is desired tne contour l e v e l  parameters 
are required. For a p r in t e r  contour, the  highest  contour, lowest amtour ,  
ana contour live1 i n t e rva l  must be entered. 
dimensional p lo t ,  the plot resolution is necessary. 
For any two- or three- 
Some outputs do not require  a conunand. 
the  summaries described i n  Section 3 have na comaand word; t h i s  information 
is always printed. 
The narra t ive  described above and 
4.2.4 Antenna Configuration 
This category contains all the  parameters needed by subroutine ANTENA. 
include the number of subarray sect ions,  the number of  elements, the 
jnterelenent spacir.5.s in centimeters, the interelement phase s h i f t s  i n  
degrees, the element type. and the element polarization. 
These 
4.2.5 Antenna Mechanical Information 
Antenna mechanical information includes all the  parameters needed by subroutines 
STRESS, T H E W ,  and MISC. In t h i s  preliminary simulation model, the displace- 
ment of the antenna from nominal f l a tnes s  (expressed i n  centimeters) is 
entered through subroutine MISC. 
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4.2-6 3-n tenna Electrical  Parameters 
A l l  excitat ion information is entered through subroutine EL&. 
parameters provide information concerning the exc i tat ion magnitude, phase, 
and any l inear phase taper for each subarray sect ion.  
necessary 
5.0 EXAMPLES OF COMPUTER SIMULATION NJNS 
h e  follouinq pages i l l u s t r a t e  the  actual line p r i n t e r  output from the 
Shut t le  Multispectral Radar Antenna Simulation Program. The pages run 
i n  sequence; no attempt has been made to  jo in  the  profile plot or contour 
map ~ G G Z  tyo+her. However, a photo-reduction of a typ ica l  composite 
contour map is shown i n  Figure 9. 
The comments pr inted with the  pattern output provide a l l  the  necessary 
information to  visualize each scenario being simulated. A l l  antennas 
have the  following cha rac t e r i s t i c s  in comcn: 
1. Frequency = 9.0 GHz 
2. T i l t  Angle = SOo 
3. Altitude = 200 km 
4. Polarization: Horizontal 
5 .  Configuration: Both modules exci ted for minimum beam width 
6 .  N u m b e r  of elements: 504 x 12 
7.  Element spacing: 2.2966 x 2.3550 cm 
8.  Phase Shi f t :  Oo 
Pattern 100 is  the  simulation of the  basel ine design, with no electrical 
or mechanical errors .  Pat tern 101 i l l u s t r a t e s  pattern e r ro r s  due to 
misalignment of the three panels. Pat tern 102 shows the  e f f e c t  of a 
spherical  bow i n  the  antenna which might be induced by thermal gradients  
through Lhe antenna surface. A systematic phase error is simulated b;r 
Pattern 103, and Pattern 104 provides information on errors caused by 
Shutt le  a t t i t u d e  e r rors .  
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6.0 A SUX!.'ARY OT O T E R  X . W S  3 F  ENL'EAVOR 
6.1 The Need For Integration of Antenna Studies With Processor Studies 
The University of Texas at Austin Applied Research Laboratory has been 
developing a computer model of the SMR radar processor with the goal of 
specifying iiur+-Te requirements, data rates, etc., for the SMR system. 
Cornmication lines between ARL ad DSL have been set up during the latter 
part of the Phase I contract period in order to integrate PSL's antenna -del 
and A m ' s  processor model into a more realistic tots1 SMR system simlation 
model which will eventually be capable of accurately predicting the perfor- 
mance of the overall system. Prior to this interchange of information, both 
ARZ and PSL were using well-developed models of their respective subsystems, 
but both teams had made somewhat unrealistic assumptions about the quality of 
the other group's components. Both groups were assuming "perfect", ideal 
performance characteristics from the other's subsysten. 
It is felt that a continuing exchange of ideas, results, and data will yield 
two important benefits in the shuttle study effort. 
exchanging data demands some familiarity with the roles which the antenna, 
radar, and processor play and the way they interact with each other and the 
rest of the system. Too often this understanding is lacking, resulting ir. 
a poorly designed system composed of independently well-designed subsystems. 
By "closing the loop" with a free exchenge of information, it will be ,pssible 
to provide NASA/JSC with information that will be able to predict accilrately 
the total system performance. 
do this. 
First, the very act of 
The ARG or PSL models standing alone cannot 
Secondly, any constraints upon tke antenna impsed by the rest of thc sys2em 
can be identified, and vice versa. This will allow bounds to be set on 
optimum design requirements based on errors and uncertainties within other 
system components. For example, a user may desire a 25 meter ground cell 
resolution over a 100 kn swath, but because of filtering problems in the 
range compressor, it may not he feasible to implement so fine a r e s o l u t i o n .  
As ;I consequence of this radar restriction, it may be possihle t o  relax 
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beam point ing accuracy requirements. By exploring a l l  such cons t ra in ts  it 
should be possible to  "box in"  a feas*le region of acceptable operation. 
By making hypothetical  t radeoffs  within this region, the most  cost-effect ive 
system can be specified.  
Passing large amounts of da ta  between two widely szparated locat ions can 
become a formidable task unless computer compatible magnetic tapes or disks 
are used as the  medim of communications. 
wr i t t en  to create data tapes from the  output of the PSL antenna simulation 
program. The contents of these tapes is discussed i n  the next section. 
Ar: auxiliary computer program was 
6.2 The AX, SMRA Performance Data Tape 
The details of the  data tape contents, format, etc., are described i n  the  
In t e r f ace  Control Document e n t i t l e d ,  "The Shut t le  Xmaging Radar Antenna 
Computer Simulation Data Tape" of August 27, 1976. Hence, cnly a brief 
descr ip t ion  w i l l  be given here. 
!L!h (one-way) f a r - f i e ld  radiat ion pa t te rn  of an array antenna may be writ ten 
as the  product o f  th ree  terms. 
where : 
f (e,+) = antenna array fac tor  
g(9,4) = vect3r element pattern factor 
- 
Only da t a  for IfGl has been s tored,  s icce  the Eo(') tern may be calcclated 
without regard t o  0 and 4. If polar izat ion i?.fornation is necded, it may 
be added qu i t e  eas i ly .  
A coordinate transformstion has  been perfomxd t o  siinplify calculat ions.  
Rather than s t c r e  I f ( e , $ )  ;(e,+) I , le t  
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The advantage of storing f and g as funct ions of u and v is that more da ta  
po in t s  are clustered within the main beam, Ifowever, even i n  the (u,v)-cmr- 
d i n a t e  system, t h e  narrow azimuth beam width of the SHR antenna demands 
rather dense d i sc re t i za t ion .  To minimize in t e rpo la t ion  errors, at least 
twenty p o i n t s  on e i t h e r  side of t he  main bean (in both u and VI are needed. 
This  requirement makes s torage  of t h e  e n t i r e  (u,v,)-space or. equivalent ly ,  
(e,b)-space prohib i t ive ,  
lobes have been included. 
below t h e  main beam maximum.) 
the procedure described i n  t h e  ICD. 
Therefore, only the main beam and first two side 
( A l l  other side lobes are nominally 20 dB or =re 
Data may be recovered q u i t e  e a s i l y  by using 
6.3 SMIZA Subarray Preliminary Spec i f ica t ions  
The purpose of cons t ruc t ing  subarray panels is two-fold: 
1. To produce realistic simulation and measurement of reduced-sirs 
a r r ay  behavior aid to extend this to a predic t ion  of full-size a r r ay  
behavior. 
To verify t h e  a b i l i t y  of near - f ie ld  mtennrr p r t t e r n  measuremgnt 
techniques to neasure fu l l - s ca l e  SNRA c h a r a c t e r i s t i c s ,  pa r t i c i i l a r ly  
in gain ,  beam coincidence, aid c r o s s - p l a r i z a t i o n  levels at X-band. 
1. 
The spec i f i ca t ions  on these  t e s t  panels  are based on an  esthate of t he  
tests and measurements tiiat w i l l  be required to obtain the above r e s u l t s .  
Objective (1) may be achieved by messureaent of antenna c h a r a c t e r i s t i c s  
(such a s  beam shape, foo tp r in t  coincidence, etc.) under laboratory-simulated 
thermal aiid mechanical stress. Phase I s t a d i e s  have shown t h i s  to  be 
c r i t i c a l ,  p a r t i c u l a r l y  at X-band. Once t h i s  basc l inc  simulation has been 
done, systematic e r r o r s  i n  the n x h a n i c a l  f l a t n e s s  of the sl;barray can h? 
induced by mounting the subsrrsy i n  a standard ri5i.d j i g ;  arrtenm pattcm 
would then be measured for the scbarray under thccc? sin!ula:cd stress 
condi t icns ,  which would be used tc v e r i f y  the a b i l i t y  of thc  conputct 
simulation mode (developcd under Phzscs I and 11) t o  pi-edict the actual 
measured a n t e n i i a  pa t tc rn  d i s to r t ions .  F ina l ly ,  fron the masurcd data  :rnd 
t he  vcrificd coiriputcr s imulat icn,  i t  should be possible to prcldic: thc 
p C r f 3 r m l i i i c C  cf t -he f u l l - s c i t :  L' S:!:< sntc:-* undc!r ~ L ! Z ~ C X C  t o  sp.~cc condi I i m  
thcrinsl .r.trez,:;Cs, p a n e l  ur.fclc?i:vj l ~ , : z ! i ~ ~ i s i a  icci:ri.c,., c t r .  
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To check the above mentioned near-f ie ld  measurements, the near - f ie ld  a t e r i a  
patterns (measured a t  NBS) w i l l  be colapared w i t h  the f a r - f i e l d  measurements 
taken at PSL. 
The aeasuremt s p e c i f i c a t i o n s  and their j u s t i f i c a t i o n s  that are listed here  
are based on data presently available, and as such are only  prel iminary 
requirements. 
through interactive graphics  simulations of var ious  space environmental 
conditions, these specifications w i l l  be refined. F i n a l  specifications for 
the subarrays w i l l  be delivered a t  the cluse of Phase 11. 
As more information regarding Mtenna behavior is obtained 
6.3.1 Measurements Necessary to Obtain Desired Data 
Both near - f ie ld  and fa r - f i e ld  pattern mzasurements should be performed to  
v e r i f y  the baseline electrical perfcrmance of each subauray. 
tests vi11 be conducted by NBS (Boulder), w h i l e  conventional far-field 
testing w i l l  be done using t h e  3000' PSL antenna range. 
def ined  set o f  electrical p e r f o m c e  tests w i l l  be i s sued  e a r i y  in 
Phase 111. The Furposes of using t w o  independent tests are: 1) to compare 
conventional f a r - f i e ld  t e s t i n g  techniqiles to the near - f ie ld  techniques for 
t n e  subarray and 2 )  t o  e s t a b l i s h  the  testing accuracy a;ld capaS i l i t y  of the 
near - f ie ld  technique, when used f o r  iucasuring *he fu l l - s ca l e  SZIRA. 
N e a r - f i e l d  
A c a r e f u l l y  
Themdl tests w i l l  be performed on the subarrays,  with measurements of 
mechanical f l a t n e s s  perforxed simultaneously. Idea l iy ,  t he  goal  of t h e  
thermal tests would be to  detelrmine the  expected thermal response of the 
f u l l - s i z e  antenna p lus  support  s t ruc tu re .  However, it has been ind ica ted  
t h a t  the  dc ign of a support  s t r u z t c r e  t h a t  would replicate t h e  perfomlance 
of t h e  f u l l - s i z e  s t r u c t u r e  w i l l  increa2-f the  subarr;y cost to  a prohiSitively 
h igh  l eve l .  Consequently, a t  t h i s  t h e  it is f z l t  t h a t  it would be more 
cos t - e f f ec t ive  to  determine the  therrml grad ien t  - mechanical de fomat i cn  
r e l e t i o n s h i p s  between each suba r ray  arid a cc.nmon s u p p r t  s t ruc tur? .  After  
t h i s  d a t a  has been malyzed ,  s e p x a t e  Speci f ica t ions  can bc made fJr t h e  
s u p p r t  s t ruc tu re .  
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Fo provide data on the e f f e c t s  of mechanics1 deformation on anteraa pattern 
parameters, an inst-nted j i g  f o r  t he  subarrays should be obtained 50 that 
simulated random and sys t - t i c  mechanical errors may be induced i n t o  the  
subarray surface. 
simultaneously with the  NBS near-field measurements. In this way, the 
effects of mechanical deformations on antenna performance which w e r e  predicted 
by the ampute r  simulation can be verifieC, and an extrapolat ion can lator 
be made to the  p e i f o m c e  of the full-size SMRA. 
1~ obta in  pa t te rn  data, these tests skould  be performed 
The results of these t e s t s  w i l l  be entered i n t o  a mre advanced vers ion of 
the SMSA simulation model as representative of space environmental thermal 
effects, with predict ions made of pattern degradation, beam pointing 
inaccuracy, etc. Consequently, consideration should be given to the fom of 
measurement data storage- It is our opinion t h a t  the mos t  e f f i c i e n t  method 
of managing large m u n t s  of numerical information is to generate computer 
compatable d i g i t a l  and/or analog magnetic tapes for each test result. 
6.3.2 Requirements hposed E:-' Measureyent F a c i l i t i e s  
Xn preliminary discussions with Hughes and Ea11 E-mthers ,  a 6' x 6' area 
subarray was used as ZppraxFnate site. Th!.s s i z e  e s tha t ion  w a s  rrade 
using the  following c r i t e r i a :  
a l l o w  meaningful e l e c t r i c a l  and t h e m 1  tests which could with a conyter 
simulation d e l ,  be used t o  pred ic t  full-size ar ray  Ferfonnance, and 2)  
the  sntenna e f f ec t ive  apcracure k3as mall  enough to conveniently riakc Fattern 
tests using both near-field and fa r - f ie ld  techniques. 
1) the  area w a s  e l e c t r i c a l l y  la rge  enoucjh to 
The pr inc ipa l  concern of (11 is t o  n in in ize  thc cdge effects of t h e  sxaller 
s ibar ray  so t h a t  a b e t t e r  p r e d i c t h a  can be nadc fcr t h e  fu l l - s i ze  SWA. 
I?lcre are some gui6elinc.s i n  thc  l i t e r a t u r e  , b u t  even by fallowin? these 
suggestions,  t h e  subarrays vo&d still be too large f o r  rncaningful  f a r - f i r16  
c.cd$urCmcnts. Tncrcfore, c r i t c r inn  ( 2 !  is the m o s t  r e s t r i c t i v e .  
t 
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The rule-of-thumb used by many antenna engineers fo r  pattern t e s t ing  is t ha t  
the separation between the  source and test  a n t e m  be grea ter  than 2D2/X, 
where D is  the test antenna msximm dimensions. This c r i t e r ion  corresponds 
to a x/16 path length difference between the saurce antenna and the extrema 
of the  test antenna. 
levels, several  times this distance may be necessary. The longest leg of 
the PSL antenna range is 3000*, which corresponds to a maximm antenna 
dimension of 35' s t 1 . 2  GLlz and 12.27' a t  9.8 G H z .  Using four times the 
rule-of-thmb distance corresponds to 17.5' a t  1.2 GHz a d  6.135' a t  9.8 GHz 
This c r i t e r ion  (8D2/X) should provide suf f ic ien t  accuracy (equivalent to a 
5.62S0 departure frcnn planeness of the incident spharical  wave) for a l l  
necessary measureaents. 
max- dimension (azimuth) of the X-band subarray. 
For precise measurement of n u l l  depths and s ide  lobe 
Therefore, six feet is the upper bound on the 
Since the  subarrays are to replicate the design approaches of the ccmpeting 
full-size arrays, the azimuth dimensions on the L-band sec t icn  of the 
subarray should be 6' also. 
a t  t h i s  time, but fo r  ease of handling, cost minimizztion, etc., it is 
proposed t h a t  it a l s o  >e limited to six feet. 
because increasinq the  elevation dimension w i l l  not decrease the edge 
e f f e c t s  i n  the  azimuth ciimensions. Consequently, the most cost-effective 
design f o r  the measureaents which are necessary would be a square subarray. 
The elevation dimension of the arrays a re  open 
This nakes p rac t i ca l  sense,  
The 6' x 6' suharray s i z e  can be accommodated by the other t e s t  f a c i l i t i e s  
needed for the measurements described i n  Section 6.3.1. The near-field 
f a c i l i t y  a t  NBS (Wulder, Colorado) can measure both qain an8 d i r e c t i v i t y  
of t h i s  s i z e  antenna w i t h  an uncertainty c l a i m  of b z t t e r  than 0.2 dB a t  
t h e  3a level,  a t  both L- and X-bands. Facilitie.2 e x i s t  a t  NASh/JSC and 
el.sewherc that can  perform mear.ingfu1 themal  aad nechanicztl tests on a 
6' x 6' structure.  
6.3.3 A Summary of The Prelintinary Specifications - -- 
The preliminary specifications for the SMRA test: panel.s, based on the above 
considerati.ons, a r e  presented j n  Table 3. 
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TABLE 3. Preliminary spec i f i ca t ions  for the SPSA test panels.  
1. The s i z e  s h a l l  no t  exceed 6' x 6 ' .  
2. The weight s h a l l  no t  exceed 200 lbs. 
3. The test panel s h a l l  operate a t  1.5 GHz and 9.0 GHz. 
4. Both h m i z o n t a l  and v e r t i c a l  po lar iza t ion  s h a l l  be 
available a t  each frequency. 
5. The cross-polarized component s h a l l  not  exceed -25 dB 
with res-ct to the principally-pr 'arized component. 
6. Two modules s h a l l  be present  a t  both frequencies  to 
demonstrate beamwidth switching. 
7 .  This VSWR s h a l l  no t  exceed 1.3 in any mode of operat ion.  
8 .  The maximum s i d e  lobe level s h a l l  not  exceed 1 2  dB. 
9. A l l  a r r ay  elements, feed l ines ,  and the  electrical  
design approach s h a l l  be t he  same as t h a t  which w i l l  
be used on the full s ized  antenna. 
APPENDIX 
This appendix contains the computer l i s t i n g  of the  Shut t le  Multispectral Radar 
Pntenna Simulation P-mgram. 
on the Physical Science Laboratary/New Mexico State University IBM 370/135 
computer using DOS FORTRAN IV. 
T h i s  l i s t i n g  was obtained by compiling the program 
While the  majority of this program can be run on any compatible IBM machine, 
the user  is cautioned to exantine a l l  subprograms carefu l ly  for calls to  
functions and subroutines that may not be standard software items. 
a t t en t ion  is  called to the subprograms PLOT, AXIS, LINE, and NUMBER. 
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